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Abstract. Past and ongoing research activities at the Heidelberg heavy- ion storage-ring TSR 
are reviewed which aim at providing accurate absolute rate coefficients and cross sections of 
atomic collision processes for applications in astrophysics and magnetically confined fusion. In 
particular, dielectronic recombination and electron impact ionization of iron ions are discussed 
as well as dielectronic recombination of tungsten ions. 



1. Introduction 

Electron- impact ionization (EII), photoionization (PI), and dielectronic recombination (DR) 
are important atomic collision processes since they are governing the charge balance in atomic 
plasmas. Accurate cross sections and rate coefficients are therefore required for these processes 
— along with many other atomic data — for the interpretation of observations of such plasmas 
be they man-made or astrophysical. Because of the vast atomic data needs most of the data that 
are presently used in plasma modeling codes have been generated by theoretical calculations. 
In order to assess the reliability of these calculations and to point out directions for their 
improvements benchmarking experiments are vitally needed 

For more than a decade, measurements of absolute DR rate coefficients have been performed 
employing the electron-ion merged-beams method at the heavy-ion storage ring TSR of the Max- 
Planck-Institute for Nuclear Physics in Heidelberg, Germany. These investigations focussed on 
iron ions because of their prominent role in X-ray astronomy. Iron is the most abundant heavy 
element and still contributes to line emission from astrophysical plasmas when lighter elements 
are already fully stripped. The present status of the experimentally-derived Fe-DR data base has 
been summarized recently [3]. A more comprehensive tabulation of storage-ring recombination 
experiments with astrophysically relevant ions can be found in |4J. 

Here, the experimental procedure for measuring absolute rate coefficients and cross sections 
for DR and EII at a heavy-ion storage ring is briefly outlined. Then, selected results for EII 
of iron ions and DR of iron and tungsten ions are presented and discussed in the contexts of 
astrophysical and fusion plasmas. Throughout the paper, ions are identified by their primary 
charge state before EII or DR. 



2. Experimental method 

The experimental procedures for measuring recombination rate coefficients and electron- 
impact ionization cross-sections at the TSR heavy-ion storage ring |5] have been described 
comprehensively before (see e.g. [GtilOj. and references therein). Briefly, ions with well defined 
mass and charge state from an accelerator are injected into the storage ring. In one of the 
straight sections of the storage ring an electron beam is magnetically guided onto the ion beam 
such that both beams are centered on each other and move collinearly over a distance L ~ 1.5 m. 
Electron-ion collisions occurring in this merged-beams overlap region may lead to ionization or 
recombination of the primary ions. The product ions are separated from the primary beam 
in the first storage-ring dipole magnet behind the electron target and are counted by suitably 
positioned single particle detectors with efficiency tj of practically 100%. 

Absolute merged-beams rate coefficients for recombination or ionization are readily derived 
by normalizing the detected count rate R to the stored ion current /j and to the electron density 
Ue, i.e. 

Here eg is the charge of the primary ion, Vi = cj3i and Ve = c/3e are the ion and electron velocities 
in the laboratory system, respectively, and c denotes the speed of light in vacuum. The relative 
velocity f rei and the corresponding electron-ion collision energy Ej-ei are readily calculated from 
Vi and Ve [TIJ. In a TSR electron- ion recombination or ionization experiment Vi is kept fixed 
and £^rei is varied by changing Ve via the cathode voltage at the electron gun. At energies 
Ej-gi much larger than the experimental energy spread, which scales with v^ei and can be as 
low as 1 meV [5], the merged-beams rate coefficient can safely be converted into the apparent 
cross section cj(£'rei) = aMB(-£'rei)/'yrei- The quantity which is most relevant for plasma physical 
applications is the plasma rate coefficient a(Te) as function of plasma electron temperature Tg. 
It is obtained from the apparent cross section by a convolution with an isotropic Maxwellian 
electron energy distribution as [UlE] 

1 I 8 

a{Te) = / (i^,elfT(^rel)^rciexp(-£;relAsre) (2) 

with the electron mass me and the Boltzmann constant ks- 

Experimental uncertainties of the measured rate coefficients and cross sections typically 
amount to 10-15% at a one-sigma confidence level. They stem predominantly from counting 
statistics and from systematic uncertainties of background subtraction, ion current and electron 
density determination. As compared to single-pass experiments, the storage-ring technique offers 
the additional feature that pure ground-state beams of multiply charged ions can be prepared by 
storing the ions for a sufficiently long time before carrying out the ionization or recombination 
measurements. Thus, storage ring data are largely free from contributions by contaminating 
metastable beam components which frequently complicate the analysis of data from single-pass 
experiments. 



3. Electron-impact ionization of iron ions 

The impact of this particular feature of the storage-ring technique can be seen in Figure [1] (left 
panel) where the storage-ring EII cross section for Fe^^"*" [12] is compared with the previous 
result from the single-pass experiment by Gregory et al. [13]. The cross section from this single- 
pass experiment is up to 40% larger than the one from the storage-ring measurement. This 
deviation is larger than the combined experimental uncertainties of both measurements. It is 
most likely caused by the presence of unknown fractions of metastable ions in the ion beam 
of the single-pass experiment. The longest-lived metastable state of Fe^^"*" is the 3s^3p^ ^-^5/2 
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Figure 1: Cross sections for electron-impact ionization of Fe^^"^ (left panel) and Fe^^^ ions 
(right panel): TSR experiments [12l[T3] (closed symbols, uncertainties 12-16% and 6-12%, 
respectively), single-pass experiment [U] (open symbols), theoretical calculations by Pindzola et 
al. |15lll6j (full lines) and by Dere [T7] (dashed lines), and data from the compilation of Arnaud 
& Raymond [18j (dotted lines). The arrows mark the threshold energies for direct ionization 
by removal of a 3p or a 3s electron from the Fe^^'''(3s^3p^ ^'S'3/2) ground-state (left panel) and 
the Fe^^"'"(3s^3p^ ^Po) ground-state (right panel). The steps in the cross sections are caused by 
excitation-autoionization processes which can occur only above certain threshold energies. 



state with an excitation energy of 5.71 eV above the 3s^3p^ ^5*3/2 ground state and a lifetime 
of about 0.5 s [19] which is much longer than the ~10 /is flight time of the ions through the 
single-pass experiment. 

In the storage-ring experiment, however, the ionization measurement started only after the 
ions had been stored for 2-3 s subsequent to their injection into the storage ring. By carefully 
modeling the populations of all metastable levels as function of storage time it was estimated 
that the sum of all populations of metastable levels amounted to less than 0.5% when the 
ionization measurement was started. This value was even lower for the Fe^^"^ EII measurement. 
The remaining uncertainties associated with such a low metastable ion-beam fraction do not 
contribute significantly to the error budget of the absolute cross section determination. 

In comparison with results from distorted wave calculations [15^17] the single-pass Fe^^"*" EII 
cross sections are significantly (up to about 40%) larger than the theoretical results (Fig. [T]). 
This also holds for the data from the widely used compilation by Arnaud & Raymond which are 
based on the results of the single-pass experiment. In contrast, the storage-ring cross-sections 
agree with the theoretical results within the experimental uncertainties at energies below the 
first excitation-autoionization thresholds. At higher energies the storage-ring cross sections are 
significantly smaller (by up to 18%) than the theoretical values. These discrepancies which are 
somewhat larger than the experimental uncertainties (see caption of Fig. [1]) are most probably 
to be attributed to the theoretical uncertainties of the contributions by excitation-autoionization 
processes to the calculated total ionization cross sections. So far, the new-storage ring data lead 
to a more consistent picture of EII of iron ions than was available before. 
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Figure 2: (Color online) Measured merged-beams DR rate coefficients |20j for some iron ions 
with open M-shell (left) and with open L-shell (right). For details see Refs. [21] (Fe^+, Fe8+), [9] 
(Fe9+, Feio+), [22] (Fei3+), p3j (Fei4+), [24ii25j (Fei7+), [25.26j (Fei8+)^ [jj] (Fei9+), [28] (Fe20+, 
Fe2i+), [29] (Fe22+). 



4. Dielectronic recombination of iron ions 

Cosmic atomic plasmas can be divided into collisionally ionized plasmas (CP) and photoionized 
plasmas (PP) [30] both covering broad temperature ranges. Historically, most theoretical 
recombination data were calculated for CP [18^i31j where highly charged ions exist only at 
rather large temperatures, e.g., in the solar corona. If the CP rate coefficients are also used 
for the astrophysical modeling of PP, inconsistencies arise. This has been noted, e.g., in the 
astrophysical modeling of X-ray spectra from active galactic nuclei (AGN) [SSIEH]. It is clear, 
that these deficiencies are due to a simplified theoretical treatment that was geared towards 
CP and more or less disregarded low-energy DR in order to keep the calculations tractable. 
Modern computers allow more sophisticated approaches, and recent theoretical work has aimed 
at providing a more reliable recombination data-base by using state-of-the-art atomic codes [34j . 

Corresponding experimental work on DR of iron ions has been carried out at the storage ring 
TSR over already more than one decade (Fig. [2]). The experimental data resulting from this 
effort are presented in every detail in the references which are cited in the caption of Fig. [2l A 
summary has been published recently [3]. Part of the resulting plasma DR rate coefficients, i.e., 
those for Fe M-shell ions which are available so far, are displayed in Fig. [3] together with the 
corresponding widely-used rate coefficients from the compilation by Arnaud & Raymond [18] 
and with the corresponding state-of-the-art theoretical results by Badnell ^35j . 

The discrepancies between the compiled rate coefficients on the one hand and the 
experimentally derived and state-of-the-art theoretical results on the other hand are striking. 
They are due the neglect of low-energy DR in the early theoretical work on which the compiled 
rate coefficients are based. As can be seen from Fig. [2] most measured DR merged-beams rate 
coefficients are particularly strong at low electron- ion collision energies where, e.g., relativistic 
effects play a prominent role (as discussion in more detail in [B\) which were entirely neglected in 
the early theoretical work. Although the results of the new theoretical work agrees much better 
with the experimental data than the early theoretical results, significant theoretical uncertainties 
remain (Fig. [3]). Experimental benchmarks are thus indispensable for arriving at a reliable DR 
data base for the astrophysical modeling, particularly, of low-temperature plasmas. 
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Figure 3: (Color online) Plasma rate coefficients for the iron M-shell ions Fe^"*" (full lines), Fe^"*" 
(long-dashed lines), Fe^"*" (dotted lines), Fe^*^"*" (dash-dotted lines), Fe^'^"'" (short-dashed lines), 
and Fe^^"*" (dash-dot-dotted lines). The experimentally derived curves [3] are shown in black. 
The red curves are state-of-the-art theoretical results by Badnell |35] and the blue curves are 
from the compilation by Arnaud & Raymond [18j 



Recent astrophysical model calculations [36] have made use of the new DR rate coefficients. 
They reproduce the measured AGN x-ray spectrum much better than the above mentioned 
model calculations [32','33] which used the previously available rate coefficients from [TH]. One 
conclusion from the thus improved astrophysical model results is that the photoionized gas of 
an AGN is less highly charged than previously thought |36j . 

5. Dielectronic recombination of tungsten ions 

Atomic spectroscopy and collision processes involving tungsten ions currently receive much 
attention, since tungsten is used as a wall material in nuclear fusion reactors [38] • Consequently, 
tungsten ions are expected to be prominent impurities in fusion plasmas. Radiation from excited 
tungsten ions leads to substantial plasma cooling which has to be well controlled in order to 
maintain the conditions for nuclear fusion. Thus, a comprehensive knowledge of atomic energy 
levels and collision cross sections is required for a thorough understanding of the spatial and 
temporal evolution of the tungsten charge states and emission spectra in fusion plasmas [39j. 
To date, only a small fraction of the needed atomic data has been derived from experimental 
measurements and most comes from theory [4Qj. The situation is particularly problematic 
for electron-ion recombination since the DR rate coefficients from the ADAS data base |41j 
which are presently used for fusion plasma modeling are based on the semi-empirical Burgess 
formula [42j . In order to improve this unsatisfying situation a dedicated research programme has 
been launched which aims at providing accurate experimental cross sections and rate coefficients 
for DR [37], EII [12], and PI P] of tungsten ions. 
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Figure 4: Dielectronic recombination of W^*^^ [37]: a) Measured merged-beams rate coefficient 
for electron-ion recombination of W^*^^ as function of relative collision energy. The dash-dotted 
curve is the calculated RR rate coefficient using a hydrogenic approximation. The inset shows the 
same data in a log-log representation and a finer energy binning emphasizing the rate coefficient 
at very low energies, b) Rate coefficients for the recombination of W^'^^ in a plasma. The thick 
full curve is the experimentally derived result comprising RR and DR with resonance energies 
below 140 eV. Error bars denote the 20% experimental systematic uncertainty. The dashed 
curve is the recombination rate coefficient from the ADAS data base and the dash-dotted curve 
is again the result of the hydrogenic calculation for the RR rate coefficient. The horizontal arrow 
indicates the temperature range where W^^^ is expected to form in a fusion plasma. 



Figure displays our first storage-ring result, i.e., the merged-beams recombination rate 
coefficient for W'^^~^ {4d^^ Af^) . Most dramatically, at energies at least up to 30 eV it is 
characterized by a high level about three orders of magnitude above the rate coefficient for 
non-resonant radiative recombination (RR) estimated from a hydrogenic calculation |7]. The 
measured rate coefficient decreases approximately monotonically from eV up to an electron-ion 
collision energy of about 12 eV. Prom there on, broad resonance features become discernible up 
to the end of the experimental energy range. The widths of these features are much larger than 
the experimental energy spread. This indicates that the observed structures are most probably 
blends of many individually unresolved DR resonances. These findings are quite similar to 
what has been observed in a single-pass merged-beams experiment with isoelectronic Au^^"*" 
ions |45j where the measured rate coefficient also exceeded the RR rate coefficient by large 
factors. Because of the extraordinary complexity of the W^*^"*" atomic structure, no definitive 
assignment of the measured DR resonance features could be made. 

The huge DR resonances at very low electron-ion collision energies strongly influence the 
plasma rate coefficient even at temperatures above 100 eV as can been seen from Fig. At all 
plasma temperatures the experimentally derived rate coefficient is very significantly larger than 
the W20+ DR rate coefficient from the ADAS data base [41j . This difference amounts to a factor 
of 4.3 at a plasma temperature of 160 eV where the fractional abundance of W^*^"*" is predicted 
to peak in a fusion plasma. We expect similar discrepancies for other tungsten ions with open 
4/ shell and hope to stimulate rigorous theoretical investigations of DR for these ions. 
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